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movement; elbow extensor CONCEIVABLY, fast human limb movements would benefit from a unique set of activation parameters capable of generating the greatest amount of torque in the shortest possible duration. Modulation of rates of torque development and the subsequently generated movement peak velocities are contingent upon physiological properties of the muscle such as ATPase activity (Barany 1967) , cross-bridge cycle rate (Campbell et al. 2001) , and tendon compliance (Ohta et al. 2010) . At the level of the motoneuron pool, motor unit (MU) recruitment threshold (MURT) and MU discharge rate influence the resultant torque development (Duchateau and Enoka 2011). For isometric contractions, many studies report a relationship between MURTs and torque whereby lower MURTs are associated with shorter times to target torque (Büdingen and Freund 1976; Desmedt and Godaux 1977; Freund et al. 1975; Grimby and Hannerz 1977; Tanji and Kato 1973; Yoneda et al. 1986 ). Two scenarios may account for a reduction in average MURTs: 1) the uniform lowering of MURTs across the motoneuron pool (De Luca 1985) or 2) a compression of the MURT range (Büdingen and Freund 1976; Fuglevand et al. 1993) . Each scenario results in a decrease in the average relative MURT; however, only a compression of the MURT range could promote greater superposition of MU twitch tensions and faster rates of force development (Fuglevand et al. 1993) , presumably translating to faster movement velocities (Büdingen and Freund 1976; Khamoui et al. 2011) .
Because of the technical limitations and challenges of recording single MU action potentials, few studies (for review see Duchateau and Enoka 2008) have investigated MU activity responsible for generating non-isokinetic dynamic (velocity dependent) contractions (i.e, contraction testing modalities in which velocity is not constrained by the testing device), and the majority of these have studied relatively low joint velocities (Ͻ250°/s). The very few (Garland et al. 1996; Gydikov et al. 1986; Maton and Bouisset 1975) who have successfully recorded human single MU action potentials responsible for producing moderate (225°/s) to higher (ϳ500°/s) velocity contractions did not track the behavior of single MUs throughout a series of contractions, or recorded very few MU action potentials for each contraction. Moreover, none of these studies explored the potential relationship between MURTs and the resultant peak contraction velocity.
Recently, Harwood et al. (2011) demonstrated the ability to track single MU behavior in the anconeus muscle throughout repeated velocity-dependent elbow extensions over a full range of movement velocities. This model allowed the investigation of MU properties during previously unattainable conditions, specifically, maximal velocity contractions. The purpose of the present study was to investigate whether MURTs of the anconeus recorded during the isometric torque production phase prior to fast non-isokinetic shortening elbow extensions are related to the resultant peak elbow extension velocity. On the basis of models of isometric force production (Fuglevand et al. 1993; Heckman and Binder 1993) and studies of ramp (Büdin-gen and Freund 1976; Freund et al. 1975; Tanji and Kato 1973; Yoneda et al. 1986 ) and ballistic (Desmedt and Godaux 1977; Grimby and Hannerz 1977; Yoneda et al. 1986 ) isometric contractions, it was hypothesized that MURTs of the anconeus would decrease linearly with an increase in the resultant peak elbow extension velocity. tions participated in the study. Subjects provided informed written consent prior to participation, and all procedures were approved according to the policies and guidelines of the local Research Ethics Board for human participants and conformed to the Declaration of Helsinki.
The experimental setup and protocol have been described previously (Harwood et al. 2011) . Briefly, elbow extension torque, position, and velocity measures were recorded with a Biodex System 3 multijoint dynamometer (Biodex Medical Systems, Shirley, NY), while single MU action potentials from the anconeus and surface electromyography (EMG) of the lateral head of the triceps brachii (LTB) were recorded via fine-wire intramuscular and surface electrodes, respectively. One to three visits (ϳ1.5 h/visit) were required to ensure an adequate quantity and quality of single MU recordings.
Subjects were seated in the Biodex dynamometer with their shoulder flexed 90°and arm abducted 20°resting on a support positioned ϳ10 cm proximal to the olecranon process of the ulna. In the semiprone position, the arm was secured to a custom-built support fastened to the Biodex lever arm. The protocol commenced with three brief (ϳ5 s) isometric elbow extension maximal voluntary contractions (MVCs) at 60°elbow flexion (0°ϭ full extension), which represented the midpoint of the elbow extensor range of motion (ROM). The elbow extensors possess a relatively constant torquelength relationship across the entire ROM (Cheng and Rice 2010); thus the midpoint (60°) of this ROM was chosen for the isometric portion of the experiment. The highest MVC value was used to establish isometric target torques and to determine the load (25% MVC) for all subsequent velocity-dependent contractions. Next, five loaded (25% MVC) maximal-velocity elbow extensions (V max25 ) over 120°ROM (120°elbow flexion to 0°elbow extension) were performed, during which subjects were encouraged verbally and provided torque and velocity feedback on a computer screen ϳ1 m in front of them. After determination of MVC and V max25 , a familiarization period was given in which subjects attempted loaded (25% MVC) velocity-dependent contractions at each target velocity (25%, 50%, 75%, 100%V max25 ) until they and the investigators were confident the task could be performed accurately. After a 5-min rest period, subjects began the velocity-dependent portion of the protocol, which consisted of four sets, each one comprised of five velocity-dependent contractions performed at 25%, 50%, 75%, or 100%V max25 in a randomized order. After each set, three ramp isometric contractions to 25%MVC were performed to determine an isometric MURT; however, inclusion in the statistical analysis was not predicated on a MURT being recorded during the ramp isometric contraction. Approximately 30-s rest was provided between each velocity-dependent elbow extension, and 2 min was allotted after each MVC and V max25 . To determine whether subjects experienced any fatigue, an MVC was performed 30 s after the final velocity-dependent elbow extension.
Surface EMG of the LTB was recorded via self-adhering pediatric electrocardiogram cloth electrodes (H59P 127 Repositionable Monitoring Electrodes; Kendall, Mansfield, MA) after the skin surface was cleansed with 70% isopropyl alcohol. A surface electrode pair (interelectrode distance of 2 cm) was aligned with the fascicles of the LTB at the midshaft of the humerus, and a ground electrode was positioned on the clavicle just proximal to the acromioclavicular joint.
Custom-made insulated stainless steel fine-wire electrodes (100 m, California Fine Wire, Grover Beach, CA) were used to record single MU action potential trains from the anconeus muscle. Two hooked-tip fine wires (15-to 30-cm length) were passed through a 27.5-gauge hypodermic needle (Becton Dickinson, Franklin Lanes, NJ) and inserted into the belly of the anconeus ϳ2-4 cm distal to the space between the olecranon process of the ulna and the lateral epicondyle of the humerus. Two needle insertions were performed and withdrawn immediately, leaving the two bipolar pairs of fine wires embedded in the muscle belly in order to maximize the yield of MU trains per session. The common ground electrode for the fine-wire electrode pairs was placed over the styloid process of the radius and secured with surgical tape.
High-pass filtered (10 Hz) intramuscular EMG of the anconeus and band-pass filtered (30 -500 Hz) surface EMG of the LTB were preamplified (100 -1,000ϫ; Neurolog, Welwyn City, UK) and digitized with an analog-to-digital converter [Cambridge Electronic Design (CED), Cambridge, UK] at a rate of 10 kHz and 1 kHz, respectively. Torque, position, and velocity data were sampled at 100 Hz, and all data were stored off-line for analysis. Off-line, the intramuscular EMG signals were high-pass filtered at 100 -300 Hz to remove any movement artifact.
Data analyses. All off-line data analyses were performed with a custom software package (Spike 2 version 7.0, CED). Peak elbow extension velocity and relative rate of torque development were determined for each elbow extension in which a MURT was obtained. Peak elbow extension velocities for each contraction were normalized to 100%V max25. Relative rate of torque development (%MVC/s) was calculated as the quotient of the increase in relative torque (%MVC) and rise time (s). The torque was defined by the fixed load (25%MVC), so rise time was calculated beginning from the time at which torque increased above baseline to the time at which torque reached 25%MVC.
The average root mean square of the LTB EMG (EMG RMS ) also was determined for each velocity-dependent elbow extension in which a MURT was obtained. The average EMG RMS was recorded for a period of time beginning with the initial rise in EMG amplitude from baseline to peak elbow extension velocity because the cessation of the initial agonist burst of the triphasic EMG pattern is correlated with peak velocity (Angel 1974). For each subject, the average EMG RMS was expressed relative to the EMG RMS recorded during the 100%V max25 (EMG%V max25 ).
Single-MU analysis was performed with a template-matching algorithm (Spike 2 version 7.0, CED) that identified single MU action potentials using waveform shape by overlaying sequential action potentials with respect to temporal and spatial characteristics. However, the ultimate determinant in deciding whether a MU action potential belonged within a train of potentials was made by visual inspection by an experienced investigator. For both isometric and velocity-dependent elbow extensions, MU discharge times (s) were determined for each MU action potential and MURT was determined as the relative torque at which a MU fired its first action potential. The criteria for inclusion in the statistical analysis required that MUs 1) fired at least five consecutive action potentials, 2) fired continuously after MURT (no interspike intervals Ͼ150 ms), 3) were active during both the initiation phase (torque development) and movement phase of each elbow extension, and 4) were consistently present during each set of velocity-dependent contractions. MURTs were expressed relative to the MVC of the subject from which the MU was recorded. Average MURTs for each individual unit were determined from the multiple MURTs recorded during the repeated contractions at each target velocity. These averaged MURTs were determined for the four velocity ranges (0 -25, 25-50, 50 -75, 75-100%V max25 ). Group averages for the entire pool of MUs were derived for the same four velocity ranges from the average MURTs from each individual MU.
Statistical analysis. Recruitment threshold differences between the four velocity ranges were evaluated for the entire group of MUs rather than on an individual basis. One-factor (velocity) ANOVA was performed with SPSS 17.0 (IBM, Armonk, NY) for the dependent variables relative MURT and relative rate of torque development (%MVC and %MVC/s, respectively) and Tukey honestly significant difference (HSD) post hoc analysis was used to examine differences among velocity ranges with ␣-level set at P ϭ 0.05. Curve estimation and regression analyses were performed for the dependent variables of relative peak velocity (%V max25 ) and MURT (%MVC) and relative peak velocity (%V max25 ) and relative EMG RMS (EMG%V max25 ). For MURT (%MVC), a single consolidated relative frequency plot com-prised of individual relative frequency plots for each resultant peak velocity range (0 -25, 25-50, 50 -75, and 75-100%V max25 ) was generated (see Fig. 3A ). On the x-axis, four bins were selected based on the distribution of these data (Ͻ10, and Ͼ20%MVC) , and the relative frequency of occurrence of MUs was expressed as a percentage of the total MUs collected at each resultant velocity range. The 0 -4.99%MVC and 5-9.99%MVC bins were consolidated to form the Ͻ10%MVC bin because of the paucity of data in the 0 -4.99%MVC range, in which the relative frequency of MUs possessing a MURT in the 0 -4.99%MVC range accounted for Ͻ10% of the total number of MUs for all resultant target velocity ranges.
For each individual MU, linear regression analyses were completed to investigate changes in single MURTs with increasing elbow extension velocity. Pearson product-moment correlation coefficients (r), coefficients of determination (R 2 ), and least square regression lines were determined for all regression analyses, and ANOVAs were performed for each relationship. All values in the text are means Ϯ SDs.
RESULTS
MURTs for 17 anconeus MUs were tracked across a range (0 -100%V max25 ) of elbow extension velocities in nine subjects (1-3 MUs per subject). Representative MU data from one subject for peak resultant velocities of 25% and 100%V max25 are provided in Fig. 1 . Absolute resultant elbow extension velocities ranged from 64°/s to 500°/s. A full profile of the velocity characteristics for the non-isokinetic (velocity dependent) dynamic elbow extensions is provided in Table 1 . Considerable overlap was observed among absolute peak velocities belonging to each relative velocity range because of the between-subject differences in V max25 (Table 1) . Accordingly, the relationships between MURTs and relative resultant peak velocity and between EMG%V max25 and relative resultant peak velocity were considered across the entire recorded continuum of resultant elbow extension velocities (ϳ22-100%V max25 ) rather than binning dependent measures based on target velocity ranges. Linear regression analysis of EMG%V max25 and relative resultant peak velocity revealed a moderate amount of shared variance (R 2 ϭ 0.57) (Fig. 2 ). Average relative rates of torque development also increased with increasing resultant velocity (Table 2) , ranging from 33.9%MVC/s at 0 -25%V max25 for subject 6 to 408.9%MVC/s at 75%V max25 for subject 2.
Relative MURTs for four relative resultant elbow extension velocity ranges (0 -25, 25-50, 50 -75, 75-100%V max25 ) for each MU are also provided in Table 2 . ANOVA revealed a main effect (Ͻ0.05) of relative resultant peak relative velocity for relative MURT. Post hoc analysis showed that relative MURT was higher at 0 -25%V max25 and 50 -75%V max25 compared with 75-100%V max25 (P Ͻ 0.05). A weak, but significant, negative relationship (r ϭ Ϫ0.27, R 2 ϭ 0.08, P Ͻ 0.001) between relative MURTs and relative resultant peak velocity was observed when the entire sample of MUs was considered. Regression analyses of individual MUs revealed significant negative relationships (r ϭ Ϫ0.34 to Ϫ0.76, R 2 ϭ 0.11 to 0.58) for 7 of the 17 MUs. MURTs of the additional eight MUs either remained the same (Fig. 3B, MUs 4 , 5, 8, 9, 11, 12, 16, 17) with increasing velocity or exhibited a trend toward a negative (Fig. 3B , MUs 3 and 10, P ϭ 0.06 and P ϭ 0.07, respectively) relative MURT-relative resultant peak elbow extension velocity relationship. Relative probability plots for each resultant peak velocity range demonstrated the dependence of MURT decline on the resultant peak velocity. The percentage of MUs for which a recruitment threshold was recruited preceding an elbow extension resulting in a peak velocity of Ͻ25%V max25 varied from ϳ20% to ϳ30% and did not exhibit a pattern with increasing MURT range (Fig. 3A) . As the resultant velocity range increased, a distinct pattern evolved in which the percentage of MUs recorded decreased with each progression to a higher MURT range (Fig. 3A) . This observation is clearly evident for MUs reporting a MURT at Ͼ75%V max25 , where the percentage of MUs reporting a MURT below 10%MVC accounted for 50% of the sample and MUs reporting a MURT above 20%MVC accounted for less than 5%MVC (Fig. 3A) .
DISCUSSION
Results of the MU group analysis demonstrated a reduction in relative MURT with an increase in relative resultant peak elbow extension velocity (r ϭ Ϫ0.27, R 2 ϭ 0.08, P Ͻ 0.001); however, for more than half of MUs (59%), recruitment thresholds did not change with increasing resultant peak velocity. These findings support a velocity-dependent modulation of MURTs, albeit a variable response that may reflect compression of the MURT range in the sample of MUs recorded.
A great deal of our knowledge of MU behavior is the product of studies investigating isometric contractions (Duchateau and Enoka 2011). Generally, during ramp isometric contractions MUs are recruited at a relative torque based on the size of their motoneuron soma (Henneman et al. 1965 ) and increase their frequency of discharge of MU action potentials as the relative torque increases (De Luca et al. 1982; Monster and Chan 1977) . Single MURTs are relatively stable regardless of the target force when the rate of torque development remains constant (De Luca 1985; De Luca et al. 1982) . However, with an increase in rate of torque development, such as that observed during an increased speed of ramp contraction (Büdin-gen and Freund 1976; Tanji and Kato 1973; Yoneda et al. 1986) or during ballistic isometric contractions (Desmedt and Godaux 1977; Yoneda et al. 1986 ), MURTs are significantly reduced (for review see Freund 1983). Models of MU behavior (Nussbaumer et al. 2002) , and surface EMG (Le Bozec et al. 1980) and single-MU studies of the elbow extensors (Harwood et al. 2011) suggest that synaptic input to the motoneuron pool is greater during a shortening compared with an isometric elbow extension, which provides the requisite activation for the generation of the high rates of torque development observed preceding high-velocity dynamic contractions (Khamoui et al. 2011) . Thus it was hypothesized that a reduction in MURTs as a result of either 1) a uniform MURT decrease across all sampled MUs or, alternatively, 2) a compression of the MURT range within the MU sample should occur in order to generate high-velocity elbow extensions. The findings of the present study support this hypothesis as evidenced by the significant negative MURT-resultant peak elbow extension velocity relationship of the anconeus (Table 2) . However, the variable nature of the MU response, specifically those MUs with higher MURTs, suggests that a compression in the MURT is the most probable mechanism by which a reduction in MURT may occur (Fig. 3) . N, number of data; V max25 , maximal velocity dynamic elbow extension. *Average velocity significantly different from 0 -25%V max25 , P Ͻ 0.05.
The anconeus as model for velocity-dependent modulation.
The ability to record the MU action potentials responsible for the ultimate generation of high shortening velocities is unique, and in large part due to the special anatomical and physiological properties of the muscle model investigated. Contributing ϳ15% to the total isometric elbow extension torque (Zhang and Nuber 2000) , the anconeus muscle is a small (2,002 mm 2 ), short (73 mm), and predominantly type I (60 -67%) elbow extensor (Basmajian and Griffin 1972; Hwang et al. 2004; Le Bozec and Maton 1987; Travill 1962) . It is likely comprised of relatively few MUs based on the small size (Hamilton et al. 2004) , which may account for the quality (high signal-to-noise ratio) of single MU recordings observed from this muscle. Despite the small contribution to elbow torque, the anconeus shares the same fundamental innervations as the triceps brachii (radial nerve) and thus displays all typical characteristics of neuromodulation during voluntary movements (Hwang et al. 2004 ). The anconeus is active throughout the entire elbow extension range of motion and loads tested, and its activation precedes that of the triceps brachii (Le Bozec et al. 1980; Maton 1982, 1987; Hwang et al. 2004) , suggesting that the relative torque at which anconeus MUs are recruited may be less contaminated by the much greater torque contribution of the triceps brachii (Fig. 2) compared with other muscle groups in which synergists are activated simultaneously. Furthermore, surface EMG studies report a plateau in the integrated EMG of the anconeus at low torques and low velocities (Le Bozec et al. 1980; Le Bozec and Maton 1982) . Considering that the surface EMG signal primarily reflects MU recruitment and is less sensitive to increases in the MU discharge rate (Christie et al. 2009 ), MU recruitment in the anconeus likely occurs prior to any potential interference caused by movement artifact as a consequence of the shortening of the much longer triceps brachii. In addition, the relative fascicle length of the anconeus shortens ϳ80% less during elbow extension than the triceps brachii (Harwood et al. 2010; Murray et al. 2000) , and, as a result, there is less potential displacement of the intramuscular electrode across large ranges of motion and at high target velocities. As evidenced by the results of the present study and one other study (Harwood et al. 2011) , these characteristics present a useful neuromuscular model to study single MU function across a large joint range of motion, for the production of a range of velocities up to maximal velocity, and most importantly, the ability to track successfully MUs throughout repeated contractions.
Ideally, an average MU threshold is derived from a number of repeated contractions in which similar mechanical responses are generated such as can be achieved during constant-rate ramp isometric contractions. However, because of the randomization of target velocities during our protocol, subjects were unable to replicate relative rates of torque development and resultant elbow extension velocities with each new contraction. Because both training (Duchateau et al. 2006; Van Cutsem et al. 1998 ) and fatigue (Adam and De Luca 2003; Carpentier et al. 2001; de Ruiter et al. 2005) have the potential to modify MURTs, the fewest repetitions required at each target velocity to yield a suitable number of data points for the generation of an average were performed. Despite considerable variability in resultant peak velocity at each target velocity (Table 1) , higher MURTs were observed at 0 -25%V max25 and 25-50%V max25 compared with 75-100%V max25 (Table 2) . Moreover, significant negative linear relationships were observed for seven individual MUs (Fig. 3B) and for the entire sample of MUs. These relationships support a decrease in MURT relative to increased resultant peak elbow extension velocity. Together with unique properties of the anconeus, the MU tracking method employed in the present study represents a significant improvement upon previous methods employed during ballistic isometric contractions (Desmedt and Godaux 1977; Yoneda et al. 1986 ) and velocity-dependent contractions (Garland et al. 1996) by enabling a within-subject comparison of single MU action potentials during the resultant production of a wide range of contractile velocities, but especially those of very high velocities.
Effect of contraction velocity on MURTs. As mentioned above, studies of fast ramp and ballistic isometric contractions have provided a conceptual foundation for the current MURTresultant peak elbow extension velocity relationship. However, because of the nature of isometric contractions, those studies were insensitive to the unique movement-associated EMG characteristics of the agonist (Angel 1974; Brown and Cooke 1981; Corcos et al. 1989; Sakamoto and Sinclair 2012) , which occur independent of antagonist activity (Garland et al. 1972) . Although many studies have investigated constant-rate shortening dynamic contractions (isokinetic) at low velocities ( Howell et al. 1995; Kossev and Christova 1998; Pasquet et al. 2006; Søgaard 1995; Tax et al. 1989) , few (Garland et al. 1996; Gydikov et al. 1986; Kato et al. 1985) have recorded trains of single MU action potentials responsible for generating nonisokinetic dynamic (velocity dependent) contractions similar to those in the present study. Of these, only three (Harwood et al. 2011; Gydikov et al. 1986; Maton and Bouisset 1975) investigated MU properties of high-velocity (ϳ500°/s) contractions in the anconeus and biceps brachii. However, in none of these isokinetic or non-isokinetic studies has the effect of the resultant peak contraction velocity on MURT been evaluated systematically (see review by Enoka and Fuglevand 2001) . With the anconeus model, single MU action potentials were recorded at joint velocities ranging from 0°/s to 500°/s in 17 MUs and tracked throughout repeated contractions, allowing linear MURT-resultant peak elbow extension velocity regressions to be formed for each individual MU. Together, these regressions support a speed-sensitive (Corcos et al. 1989 ), or rather a velocity-sensitive, strategy for single-joint movements in which MURTs decreased with increasing resultant peak elbow extension velocity. Further support for a velocity-sensitive strategy is provided by a similar EMG-resultant peak velocity relationship of the LTB in this study (Fig. 2) . These regressions also support a linear contribution of MU recruitment to the mechanical input-output relationship (Clamann 1993), which differs from the input-output relationship of MU discharge rate whereby the mechanical response (torque, velocity, etc.) is modulated across multiple linear ranges, each with a distinct input-output relationship gain (Fuglevand et al. 1993; Harwood et al. 2011; Heckman and Binder 1993) .
Neuromodulation and velocity-dependent MURTs. Tracking single MURTs may also provide some insight into the mechanisms responsible for the differential velocity-dependent responses of MUs belonging to the same motoneuron pool. Differential MU behavior is not a novel concept, and indeed it constitutes the foundation for a central principle of force and presumably movement production (Heckman et al. 2009 ), that of orderly recruitment (Henneman et al. 1965; Zajac and Faden 1985) . Thus it has been shown that the range of intrinsic motoneuron recruitment thresholds varies 10-fold within a motoneuron pool (Heckman and Binder 1991) . According to orderly recruitment, low-threshold MUs are recruited at lower relative forces than higher-threshold MUs because of greater input resistance at the soma (Henneman et al. 1965; Zajac and Faden 1985) . As the synaptic input to the motoneuron pool is increased, recruitment of higher-threshold MUs occurs. Higher-threshold MUs have a number of physiological characteristics, including high rates of force development (Burke 1975), short contraction times (Burke 1975), and potentially higher MU firing rates compared with low-threshold MUs (Monster Fig. 3 . Relative frequency and least-squares regression lines (LSRLs) for the relationship between MU recruitment threshold (MURT, %MVC) and resultant peak elbow extension velocity (%V max25 ). A: relative frequency plots for 4 velocity ranges (Ͻ25, 25-50, 50 -75, Ͼ75%V max25 ) with respect to 4 MURT ranges (Ͻ10, Ͼ20%MVC) . B: regressions for 7 of 17 MUs were significant, with 2 showing a trend toward significance. Solid LSRLs represent significance (P Ͻ 0.05), whereas shortdashed LSRLs represent no relationship between relative MURT and relative resultant peak elbow extension velocity. Long-dashed LSRLs indicate a trend (P Ͻ 0.08). LSRLs were generated based on individual data points (not shown) corresponding to a MURT and the relative peak velocity of the contraction from which the MURT was recorded. The number attached to each LSRL corresponds to the number in the 1st column in the table on right showing the subject (S) and MU number, Pearson product correlation coefficient (r), coefficient of determination (R and Chan 1977), which may provide a distinct advantage for the generation of fast isometric contractions (Desmedt and Godaux 1977; Nardone and Schieppati 1988; Nardone et al. 1989; Van Cutsem et al. 1998 ) and dynamic movements (Harwood et al. 2011) .
Studies by Hammond et al. (1956) , Vallbo (1970), and Angel (1975) showed that fast human movements are unique in that the initial agonist burst is relatively inflexible and insensitive to afferent input. Recent studies of cortical and spinal activity in preparation for movement (Prut and Fetz 1999) show similar, but not identical, responses (Cohen et al. 2010) . A vast amount of neuromodulation occurs at the level of the motoneuron to alter excitability, predominantly as a consequence of serotonergic influences on persistent sodium currents (Heckman et al. 2009 ). Despite large reductions in MURT in response to increased monoaminergic input (Gilmore and Fedirchuk 2004; Krawitz et al. 2001 ) and the potent neuromodulatory effects of monoaminergic input on the intrinsic excitability of the motoneuron (Heckman et al. 2009 ), the likelihood that these inputs are responsible for generating motor commands of specific actions is very low (Heckman et al. 2003) . Less well-defined cortical projections provide an alternative or supplementary means by which motoneuron excitability may vary (Cohen et al. 2010) , potentially creating a scenario in which variable activation of motoneurons may occur. For example, the strength of motoneuronal inputs from the rubrospinal tract, which receive cortical input from premotor areas and are specific to cervical motoneurons, is much greater in higher-threshold (fast-fatiguable) MUs compared with lower-threshold (slow) MUs (Burke et al. 1970; Heckman and Binder 1993) .
In the present study, of the seven MUs demonstrating significant MURT-resultant peak elbow extension velocity relationships, three ( Fig. 3B ; MUs 2, 6, 15) possessed the highest average relative MURTs recorded (Table 2) . Two additional MUs, one exhibiting a significant MURT-resultant peak velocity relationship (Fig. 3B, MU 7) and another showing a trend (Fig. 3B, MU 10) , were recruited at a highest relative torque that differed Ͻ3%MVC from the three highest MURTs recorded (Table 2) . Although no systematic investigation of a relationship between motoneuron size and resultant velocity-dependent properties was explored in the present study, these observations coupled with the advantageous physiological characteristics of higher-threshold MUs properties advocate a role of MURT range compression for the production of the fastest human movements. However, a limitation of these data is the technique used to quantify MU activation in vivo. As a result of MURTs being expressed relative to mechanical responses (i.e., %MVC), the excitability of a MU initially recruited at low thresholds or prior to any recordable mechanical response may continue to increase without any noticeable change in MURT (Zehr and Sale 1994) . To further confound this limitation, rapidly shortening muscle fascicles are capable of less force generation according to the forcevelocity relationship (Hill 1938; Kawakami et al. 1994 ). Thus, despite MURTs being recorded during the force production phase of the non-isokinetic dynamic contraction in the present study, it is possible that MURTs during rapid contractions do not unequivocally reflect the magnitude of modulation of MU excitability in response to the demand for faster force generation and resultant peak velocity. Thus a potential bias exists wherein MURTs may underestimate the change in MU excitability that occurs in order to produce high resultant rates of force development and contraction velocities, further confounded by the current method of quantifying MURTs, whereby higher-threshold MUs possess a much greater range over which declines in MURT may be expressed compared with lower-threshold MUs.
Nevertheless, significant reductions in recruitment threshold were observed in a large proportion of the sampled MUs with increasing relative resultant peak velocity (Fig. 3B) . One MU (Table 2 ; Fig. 3B, MU 11 ) that possessed a maximum MURT of Ͻ5%MVC demonstrated that although the greatest reductions in MURT appear to be characteristic of higher-threshold MUs, reductions in lower-threshold MURTs were still able to be captured in the present study. Moreover, the relative frequency plots clearly demonstrate a reduction in the number of MUs with higher recruitment thresholds (Ͼ20%MVC) at relative resultant peak velocities exceeding 75%V max25 , which is approximately equal and opposite to the difference observed for the Ͻ10%MVC MURT range at Ͼ75%V max25 (Fig. 3A) . The progressive decline in the strength of this relationship with slower resultant peak elbow extension velocities (25-75%V max25 ) and the apparent lack of relationship at Ͻ25%V max25 (Fig. 3A) , that occurred with Ͻ5% of the constitutive data from the Ͻ5%MVC MURT range, provides further support that these data were relatively insensitive to the potential limitations of the in vivo MURT quantification method.
In summary, anconeus MUs show a reduction in MURTs with increasing elbow extension velocity. However, within the motoneuron pool, considerable variability exists among MUs with respect to the resultant velocity-dependent response of MURTs. This variability suggests that MUs possessing advantageous physiological characteristics may demonstrate a heightened sensitivity to the abundance of neuromodulatory influences converging on the motoneuron pool during fast human movements potentially compressing the range of MURTs. Despite advancements, the potential exists that these differential responses to increasing resultant velocity may be confounded by limitations of the technique used to quantify MU activation in vivo in humans. It would be imprudent to disregard these limitations altogether; however, these data appear less sensitive to confounding influences by design and likely represent a role for neuromodulation in the velocity-dependent modulation of MURTs.
